The accuracy of exercise electrocardiography in detecting a physiologically significant coronary artery stenosis has been assessed previously by comparing the exercise test with a coronary arteriogram. The inherent inaccuracy of visually determined percent diameter stenosis measurements might have lead to the conclusion that the exercise electrocardiogram was less accurate than it truly was. To determine the accuracy of the exercise electrocardiography in detecting a physiologically significant coronary stenosis, we studied 40 patients with one-vessel, one-lesion coronary artery disease, a normal resting electrocardiogram, and no hypertrophy or prior infarction. Each patient underwent exercise electrocardiography (Bruce protocol) that was interpreted as abnormal if the ST segment developed 0.1-mV or greater depression 80 msec after the J point. The physiological significance of each coronary stenosis was assessed by measuring of coronary flow reserve (peak divided by resting blood flow velocity) in the stenotic artery using a Doppler catheter and intracoronary papaverine (normal, 3.5 or greater peak/ resting velocity). The percent diameter and percent area stenosis produced by each lesion were determined using quantitative angiography (Brown/Dodge method). Of the 17 patients with reduced coronary flow reserve (3.5 or greater peak/resting blood flow velocity) in the stenotic artery, 14 had an abnormal exercise electrocardiogram (sensitivity, 0.82; 95% confidence interval, 0.70-0.94). Conversely, 20 of 23 patients with normal coronary flow reserves had normal exercise tests (specificity, 0.87; 95% confidence interval, 0.77-0.97). The exercise electrocardiogram was abnormal in each of 11 patients with markedly reduced coronary flow reserve (less than 2.5 peak/resting velocity) and in three of six patients with moderately reduced reserve (2.5-3.4 peak/resting velocity). The products of systolic blood pressure and heart rate at peak exercise were significantly correlated with coronary reserve in patients with truly abnormal exercise tests. In comparison, the sensitivity (0.61; 95% confidence interval, 0.46-0.76) and specificity (0.73; 95% confidence interval, 0.60-0.86) of exercise electrocardiography in detecting a 60o or greater diameter stenosis may be significantly lower (p <0.05). Exercise electrocardiography, therefore, was a good predictor of the physiological significance (assessed by coronary flow reserve) of a coronary stenosis in patients with a normal resting electrocardiogram and no hypertrophy or prior infarction. Its value in a broader and larger patient population will require further study. These results, however, underscore the importance of a physiological gold standard in assessing the accuracy of noninvasive studies for detecting coronary artery disease. (Circulation 1991;83:412-421) 
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One important explanation for these divergent findings might be that the accuracy of the exercise electrocardiogram was previously determined by comparing it with an inaccurate standard, visual interpretation of the coronary arteriogram. Several recent studies have demonstrated that the arteriographic assessment of coronary artery disease may not reflect accurately the anatomical distribution of coronary atherosclerosis as observed in postmortem pathological examinations or using in vivo echocardiographic coronary imaging. '7,18 More important, in patients with advanced coronary artery disease, arteriographic assessments of individual coronary lesions often fail to predict the physiological impact of the lesion, as assessed by direct measurements of coronary flow reserve. 19, 20 Hence, use of a visual interpretation of the coronary arteriogram as the gold standard may have prevented prior investigators from determining the accuracy of exercise electrocardiography in assessing the presence of physiologically significant coronary artery disease.
The recent development of a coronary Doppler catheter has made it possible to assess the physiological significance of an isolated coronary arterial lesion at the time of coronary arteriography. [21] [22] [23] [24] In this study, we compared the results of exercise electrocardiography with measurements of coronary flow reserve to determine the accuracy of standard exercise electrocardiography in predicting the physiological significance of an individual coronary arterial lesion.
Methods

Patient Selection
Forty patients with one-vessel, one-lesion coronary artery disease were selected for study. These were consecutive patients studied in our laboratory, meeting the criteria described below, in whom an exercise electrocardiogram could be obtained within 1 The duration of exercise, heart rate, systolic blood pressure, and double product (heart rate multiplied by systolic blood pressure) were recorded at the development of 0. Simon.33 The overall accuracy was defined as the quotient of (true-positives plus true-negatives) and the total number of studies performed. Linear correlation was measured using Pearson's correlation coefficient. Statistical significance was defined as a probability value of 0.05 or less. 11 (48) 4 (17) 8 (35) 1 (4) 7 (30) 11 (48) 137±4 173±5 23.2±0.9 14.3±0. 6 5 (22) 9 (53) 3 (18) 5 (29) 7 (41) The characteristics of patients with normal and abnormal exercise electrocardiograms are shown in Table 1 . There were no significant differences between groups with respect to these factors. The duration of exercise and exercise hemodynamics are also shown in Table 1 . As expected, the duration of exercise and peak heart rate were significantly less in patients who developed 0.1-mV or greater ST segment depression than in those with a normal study. Seventeen normal tests were terminated because the patients reached 85% of the predicted maximal heart Table 2 ). Conversely, 20 of 23 patients with normal coronary flow reserves (3.5 or greater peak/ resting velocity) in the stenotic vessels had normal exercise studies (Figures 1 and 2) . The sensitivity and specificity of the exercise electrocardiogram in detecting a physiologically significant lesion (coronary flow reserve less than 3.5 peak/resting velocity) were 82% and 87%, respectively.
The likelihood of the exercise electrocardiogram being abnormal was directly related to the flow Figure 4 ) and with the heart rate at the onset of 0.1-mV ST segment depression (r=0.61). In addition, the ratio of the modified double product (mean blood pressure multiplied by heart rate) during the flow reserve measurement and the double product at the onset of 0.1-mV or greater ST segment depression during exercise was directly correlated with the flow reserve (r= 0.59, p=0.04).
Quantitative Coronary Arteriography
The percent diameter and percent area stenosis produced by each coronary arterial lesion are shown in Figures 5 and 6 deal of overlap in the range of percent diameter stenosis in arteries with normal and abnormal flow reserve (Table 3 and Figure 5 ). In contrast to percent diameter stenosis, the sensitivity and specificity of the exercise test in predicting a coronary lesion producing 75% or greater area stenosis were 79% and 81%, respectively (Tables 3  and 4 and Figure 6 ). Of importance, the average percent area stenosis of lesions in patients with a normal coronary reserve was 63+±2% and ranged widely from 36% and 74%.
Comparative Accuracy of Exercise Electrocardiography in Predicting Physiological and Arteriographic Measurements of Lesion Severity
A comparison of the sensitivity, specificity, and overall accuracy of exercise electrocardiography in predicting the presence of a significant coronary lesion, defined by different physiological and arteriographic criteria, is shown in These findings contrast sharply with many prior studies showing strikingly lower specificity and sensitivity of exercise electrocardiography in patients with coronary artery disease limited to a single vessel. 6 The differences are particularly remarkable because we studied a group of patients who had at least a moderate coronary lesion (percent area stenosis, 36-38%), whereas some prior studies included patients with a wider range of stenoses, including totally occluded and normal coronary arteries.
One explanation for these differences is that the "significance" of a coronary arterial lesion was measured by looking at the arteriographic outline of the coronary artery. Instead, we measured directly the capacity of the stenosed coronary artery to conduct hyperemic blood flow (a physiological measurement of stenosis severity). Because visual assessment of the anatomical severity of a coronary lesion poorly predicts the physiological significance of the lesion, one would anticipate that the exercise electrocardiogram (a physiological study) would produce results that are often discordant with the arteriographic findings (an anatomical study was measured. However, nitroglycerin also may have caused maximal dilation of the stenosis and might thereby have decreased the obstruction to blood flow produced by the lesion.36 A second potential limitation is that we studied a highly selected group of patients-those with onevessel coronary artery disease, a normal resting electrocardiogram, and absence of a variety of factors that might independently alter the exercise electrocardiogram (e.g., hypertrophy, infarction, drug therapy). Although our study demonstrates that the exercise test is remarkably accurate in this group, coronary lesions in vessels perfusing small amounts of myocardium might not result in significant abnormalities in the surface electrocardiogram during exercise.
Caution should also be applied to the extrapolation of these data to patients with other factors known to independently alter the exercise electrocardiogram (e.g., electrolyte abnormalities, bundle branch block, drug treatment, hypertrophy, infarction).21-25 Some of these abnormalities can be associated with reduced coronary flow reserve (e.g., hypertrophy and infarction) due to abnormalities in the microcirculation. Although they may significantly alter the accuracy of the exercise electrocardiogram in predicting reduced coronary flow reserve due to epicardial coronary obstruction, an abnormal exercise test might still signify exercise-induced ischemia. Other factors that alter myocardial repolarization (e.g., serum electrolyte abnormalities, bundle branch block, drugs), however, might reduce the accuracy of any electrocardiographic test for coronary artery disease, independent of abnormalities in coronary blood flow. Additionally, drug treatment might prevent exercised-induced myocardial ischemia by limiting metabolic demand or improving myocardial perfusion (e.g., by epicardial coronary vasodilation, improvement of collateral blood flow, or by improving the ratio of epicardial to endocardial blood flow). It should be emphasized that we studied patients without these other confounding abnormalities. The accuracy of exercise electrocardiography in detecting the physiological significance of individual coronary lesions in a broader population will require further study.
We recently found that changes in heart rate or ventricular preload can change measurements of coronary flow reserve (peak divided by resting method) by increasing resting blood flow without changing hyperemic blood flow.37 Differences in hemodynamics among patients at the time of catheterization could have obscured the relation between our assessment of physiological significance and the results of the exercise test. We found, however, that the range of heart rates in our patient group was small and that patients with a normal test had heart rates similar to those with an abnormal test. Similarly, patients with normal coronary reserve had heart rates nearly identical to patients with reduced reserve. Finally, the patients with reduced reserve and a normal exercise test had heart rates similar to those of patients with normal reserve and a normal exercise test. These findings suggest that differences in resting heart rate did not importantly alter our assessment of the exercise electrocardiogram. Moreover, alterations in measured coronary reserve would have tended to cloud the relation of the exercise test to flow reserve measurements, making it appear that the exercise test was less valuable than was true.
Although a normal maximal exercise electrocardiogram implies that a moderate-to-severe coronary stenosis is not present when the test is performed, vasospasm or intracoronary thrombus might later result in transient myocardial ischemia. These data should not be extended to patients with suspected vasospastic or new unstable angina. It is also possible that some of the tests conventionally labeled as "false-positive" (based on a flow reserve measurement in the catheterization laboratory) were truly positive for exercise-induced ischemia because atherosclerotic coronary stenoses, in contrast to normal coronary arteries, constrict during exercise. 38 Finally, two factors might have reduced the sensitivity of exercise electrocardiography. First, ischemia in the posterior myocardial wall can be electrocardiographically "silent."39 Second, a well-developed collateral circulation could also "hide" the presence of a significant coronary lesion.40 Stenotic coronary vessels often have a significant potential collateral source of perfusion from surrounding arteries, and these pathways are not accounted for by pharmacological measurements of coronary flow reserve.4'
Implications
Many clinical studies have demonstrated a relation between exercise electrocardiography and the subsequent incidence of a cardiac event (e.g., myocardial infarction, death).42-45 Our data suggest that these exercise tests mark the presence or absence of a physiologically significant coronary arterial stenosis. Taken together, these studies imply that physiologically significant lesions are associated with higher event rates. The concept is supported by data from the Coronary Artery Surgery Study demonstrating a higher incidence of infarction and death in patients with a 90% or greater stenosis of the left anterior descending coronary artery (nearly always physiologically significant) compared with patients with a similarly located stenosis of lesser severity (50% or less, usually not physiologically significant).46 Furthermore, a preliminary study from our laboratory suggests that patients with chest pain and a single, physiologically insignificant lesion (similar to 23 of the patients reported here) have a low incidence of a cardiac event and a high incidence of spontaneous improvement in symptoms over time. 47 These data also suggest that the exercise electrocardiogram may be a very cost-effective method of detecting a significant coronary stenosis. The cost of thallium scintigraphy in our hospitals averages 3.1-fold the cost of exercise electrocardiography alone.
In addition, although thallium-201 scintigraphy has been widely used as an adjunct to exercise electrocardiography, its additional contribution in detecting a physiologically significant lesion may be limited in patients without conditions that, independent of coronary atherosclerosis, often lead to exercise-induced ST segment deviations (e.g., infarction, hypertrophy, digoxin therapy).48
